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Permanency of mechanosensory stereocilia may be
the consequence of low protein turnover or rapid pro-
tein renewal. Here, we devise a system, using optical
techniques in live zebrafish, to distinguish between
these mechanisms. We demonstrate that the stereo-
cilium’s abundant actin cross-linker fascin 2b ex-
changes, without bias or a phosphointermediate,
orders of magnitude faster (t1/2 of 76.3 s) than any
other knownhairbundleprotein. Toestablish the logic
of fascin2b’s exchange,weexaminewhether filamen-
tous actin is dynamic and detect substantial b-actin
exchange within the stereocilium’s paracrystal (t1/2
of 4.08 hr). We propose that fascin 2b’s behavior
may enable cross-linking at fast timescales of stereo-
cilia vibration while noninstructively facilitating the
slower process of actin exchange. Furthermore, tip
protein myosin XVa fully exchanges in hours (t1/2 of
11.6 hr), indicating that delivery ofmyosin-associated
cargo occurs in mature stereocilia. These findings
suggest that stereocilia permanency is underpinned
by vibrant protein exchange.INTRODUCTION
In the ear, mechanotransduction for hearing and balance is initi-
ated by stereocilia, which permanently crown each hair cell.
Durability distinguishes stereocilia from other cellular protru-
sions, such as microvilli and filopodia, which are relatively short
lived (Edds, 1977; Gorelik et al., 2003). Stereocilia, extending
from the hair cell’s soma, are precisely arranged into a beveled
hair bundle for transduction of mechanical stimuli (Manor and
Kachar, 2008; Vollrath et al., 2007). A highly ordered parallel actin
bundle, with a hexagonal cross-sectional configuration, forms a
paracrystal essential to stereociliary function (Bartles, 2000;
Schwander et al., 2010; Tilney et al., 1980). Actin-bundling and
myosin motor proteins are necessary to organize stereociliary
filamentous actin (F-actin) and contribute to the unique mor-
phology and function of the hair bundle (Anderson et al., 2000;Cell RepBoe¨da et al., 2002; Chou et al., 2011; Daudet and Lebart,
2002; Friedman et al., 2000; Gibson et al., 1995; Shin et al.,
2010; Zheng et al., 2000). Although stereocilia are strikingly sta-
ble, the dynamics of the cytoskeletal proteins, which support
these lever-like organelles through vigorous bouts of deflection
that can exceed 100,000 Hz (Manley, 2012), are not clearly
understood.
Studies on protein dynamics in stereocilia offer seemingly
contrasting findings. Transfected, cultured, mammalian hair
cells demonstrated that actin and actin-bundling protein espin
are incorporated into the tip of each stereociliary paracrystal
and treadmill 5 mm per 24 hr (Rzadzinska et al., 2004), indi-
cating polymerization and cross-linking may be tightly coupled.
In contrast, multi-isotope imaging mass spectrometry (MIMS),
differential temporal expression of labeled actin proteins in vivo,
and fluorescence recovery after photobleaching (FRAP) ana-
lyses in cultured cells demonstrated that in the shafts of stereo-
cilia most protein (>90%) is stationary for up to a few weeks, and
actin does not treadmill (Zhang et al., 2012). In addition, stereo-
ciliary tips had higher rates of gross protein turnover and actin
movement (Zhang et al., 2012). In agreement, a recent study us-
ing the technique of biolistic gene gun transfection of cDNAs into
cultured utricular hair cells demonstrated that exchange of F-
actin seems to be restricted to the distal tip compartment of
the mammalian stereocilium and accretion of actin at the tip is
reliant on actin polymerization (Drummond et al., 2015).
In the present study, we develop a system that takes advan-
tage of the optical transparency of zebrafish larvae to track
the behavior of genetically encoded, fluorescent, cytoskeletal
proteins in the intact ear in real time. By peering directly into
the whole ear, we reveal that the stereociliary paracrystal is a
dynamic cytoskeletal scaffold, yielding insights into potential
mechanisms of stereocilia function and longevity.RESULTS AND DISCUSSION
Fascin 2b Exchange in the Stereocilium Is Rapid and
without Bias or a Phosphointermediate
To explore the fundamental behaviors of key proteins of the ster-
eociliary paracrystal in vivo, we started by examining fascin 2b in
larval zebrafish, exploiting the animal’s optical transparency.
Fascin 2 orthologous proteins contribute to stereociliary lengthorts 13, 1287–1294, November 17, 2015 ª2015 The Authors 1287
Figure 1. Stereociliary Fascin 2b Exchanges
Rapidly and without Bias
(A) Hair bundle schematic.
(B) (top) Confocal image of a single stereocilium
(arrowhead)containingGFP-fascin2b (green),which
demonstrates even labeling of the protrusion’s core.
Below is a schematic of the fusion protein.
(C) A lateral crista hair bundle before (Pre) and
after (Post) a photobleach, which targeted the
mid-region (yellow bracket). This FRAP series is
qualitative.
(D) FRAP profiles from a quantitative series of
images displayed in Figure S1A. Within 315 s, the
mean intensity in the post-bleached region nearly
matches the mean intensity along the length of the
stereocilia (dashed line), indicating significant
GFP-fascin 2b exchange.
(E) Recovery plot from a quantitative FRAP series
in Figure S1A fit to a one-phase exponential
function.
(F and G) Color-coded scale of recovery, after
upper half (F) or lower half (G) of bundles were
bleached (dashed line), demonstrating that GFP-
fascin 2b migrates toward the stereociliary tips or
bases, respectively. The blue-to-red scale repre-
sents a low-to-high GFP signal, respectively.
(H) Bleaching the entire bundle reveals migration
of fusion protein from soma to stereocilia.
(I) Models of fascin 2b movement in stereocilia.
(J) Mean FRAP recovery half-times from photo-
bleach events of tops, middles, or bases of hair
bundles containing GFP-fascin 2b from 7- or 4-dpf
zebrafish or from middles of filopodia containing
GFP-fascin 1 from COS-7 cells (Aratyn et al.,
2007). *p < 0.005 (Student’s t test) indicates
statistical significance. Scale bars are 1 mm.
See also Figures S1, S2, and S4, Tables S1 and
S2, and Movie S1.(Chou et al., 2011; Perrin et al., 2013; Shin et al., 2010), and phos-
phorylation of serine 38 abolishes these proteins’ capacities to
bind and bundle F-actin (Chou et al., 2011; Lin-Jones and Burn-
side, 2007). To determine whether exchange of fascin 2b occurs
in stereocilia or it demonstrates immobility, as could be forecast
byMIMS studies (Zhang et al., 2012), we tracked potential move-1288 Cell Reports 13, 1287–1294, November 17, 2015 ª2015 The Authorsment of fascin 2b in the zebrafish ear in
real time. A stable transgenic was gener-
ated to express GFP-fascin 2b in hair
cells. The stereocilia of the zebrafish
otocyst were effectively and evenly
labeled, and the fusion protein was
minimally present in somata, faithfully
mimicking endogenous localization (Fig-
ure 1B, Table S1, and Movie S1).
Initially, we characterized hair bundle
development in lateral cristae, which
contain the most accessible hair cells for
FRAP in the otocyst, to determine a time
point when formation decreases and
most hair bundles are mature. At 4 days
post-fertilization (dpf), hair cells arerapidly forming. By 7 dpf, hair bundle formation tapers off (Table
S2), and the animals can hear and balance (Kimmel et al., 1974),
indicating that most cells are mature. GFP-fascin 2b-containing
hair bundles were analyzed by FRAP at 7 dpf; with a mean half-
time for fluorescence recovery, t1/2, of (mean half-time for fluo-
rescence recovery ± SEM) 76.3 ± 8.6 s (n = 11), fascin 2b
exchange in stereocilia is surprisingly fast when the middle sec-
tion of the bundle is bleached (Figures 1A–1E, 1J, and S1A). Pro-
tein exchange is defined as a protein that has moved and is
traded for a bound protein. We assayed by FRAP the total
amount of fascin 2b exchange, also known as themobile fraction
(Snapp et al., 2003), that occurred over a period of 60 min and
determined that 82.5% ± 2.3% of the signal recovered (n = 3;
data not shown). GFP-fascin 2b exchange rates were similar
for hair bundles of 4- and 7-dpf fish, demonstrating the exchange
rate is not dependent on the developmental state of the bundle
(Figures 1J, S1C–S1E, and S1G). Moreover, the GFP-fascin 2b
exchange rate in hair bundles of the anterior macula, an auditory
organ of the larval zebrafish, was similar in magnitude to that of
the crista, 36.6 ± 6.2 s (n = 5; data not shown). Interestingly, ex-
change rates of fascin 2b in stereocilia and fascin 1 in filopodia
(Aratyn et al., 2007) contrast sharply, with the latter being an
order of magnitude faster (Figure 1J), perhaps because the
extraordinarily high number of strands of F-actin (relative to filo-
podia) slows exchange in stereocilia (Svitkina et al., 2003).
To empirically ascertain whether the concentration of fascin 2b
affects the rate of fascin 2b exchange with F-actin in vivo within
stereocilia, we developed and performed the following FRAP-
titration experiment. Briefly, transient transgenic fish, which
have different amounts of GFP-fascin 2b in different hair bundles,
were generated and used in FRAPexperiments. If fascin 2b in vivo
behaves similarly to fascin 1 in vitro (Courson andRock, 2010), we
would expect that hair cells expressing lower levels of fascin 2b to
have corresponding decreased rates of exchange in stereocilia,
relative to hair cells with higher levels of fascin 2b. If, however,
the rates of exchange were similar in stereocilia with higher or
lower levels of fascin 2b, then the rate of fascin 2b exchange is
not dependent on the concentration in vivo. Mosaic zebrafish,
containing different amounts of GFP-fascin 2b in each hair bundle
as determined by relative levels of fluorescence, were generated,
and their hair bundles were subjected to FRAP (Figure S1B). The
rates of exchangewere not dependent on the amount of fascin 2b
in the hair bundle (Figure S1B). These results indicate that the
behavior of fascin 2b in vivo in stereocilia is similar to fascin 1
behavior in live cellular protrusions (Aratyn et al., 2007; Li et al.,
2010; Vignjevic et al., 2006) but is different from the behavior of
fascin 1 in vitro, where fascin 1 is relatively static when bound
to pure F-actin (Courson and Rock, 2010). These differences
can be explained by the finding that actin-bundling proteins can
influence each other, such that one actin-bundling protein type
can cause the displacement of another type in an actin bundle
(Courson and Rock, 2010). Because stereocilia have at least a
hundred types of proteins (Shin et al., 2013), it may be that
one or more of these proteins influence the kinetics of fascin 2b
in vivo. These findings indicate that fascin 2b behavior is distinct
from the behavior of espin, which treadmills (Rzadzinska et al.,
2004) and undergoes total renewal in 4 d within mammalian
vestibular hair bundles. Thus, fascin 2b mobility within stereocilia
is1,000-fold faster than espin and occurs through a fundamen-
tally different mechanism.
We next considered whether fascin 2b exchange rates are
asymmetric, i.e., faster near tips, as could be predicted by
MIMS studies (Zhang et al., 2012). Surprisingly, when sections
of the tops or bases of bundles were bleached, exchange ratesCell Repwere similar, t1/2 = 55.2 ± 8.2 s (n = 5) or 54.1 ± 14 s (n = 6),
respectively (Figures 1J and S2A–S2D). To resolve whether
fascin 2b exchange was unidirectional or bidirectional, fluo-
rescence was extinguished in top halves or bottom halves of
bundles: movement in either direction was observed, indicating
unbiased exchange (Figures 1F, 1G, and S2E–S2H). These re-
sults demonstrate that this abundant cross-linker of stereocilia
exchanges rapidly and without bias (Figure 1I), contrasting
significantly with predictions based on MIMS (Zhang et al.,
2012) or espin cross-linker studies (Rzadzinska et al., 2004).
Protein entry into amicrotubule-based cilium is regulated at the
basebya size-exclusionpermeability barrier (Kee et al., 2012).We
next examinedwhether thematurestereocilium is, similarly, apriv-
ilegedcompartment: Is fascin 2b in thecell somaable to exchange
with fascin 2b in stereocilia? After bleaching fluorescence inwhole
bundles, recoverywasobserved (Figure1H). Thus,GFP-fascin2b,
with a mass of 84 kDa, efficiently enters stereocilia from the cell
soma (Figures 1H and 1I), indicating that mature stereocilia are
not a closed system for proteins with this mass or lower.
To probe this intriguing fascin 2b exchange mechanism for
a role of phosphorylation, we developed a two-step strategy.
First, a series of stable transgenics (Table S1) was generated
to express, in hair cells, a non-phosphorylatable fascin 2b phos-
phomutant (GFP-S38A) (Chou et al., 2011), a fascin 2b phospho-
mimetic (GFP-S38E) (Chou et al., 2011), or GFP (McDermott
et al., 2010). The hair bundle-to-soma fluorescence intensity ra-
tios (Ibundle/Isoma) of 7-dpf zebrafish were 29.3 ± 2.9 (n = 38),
23.3 ± 2.4 (n = 33), 0.68 ± 0.05 (n = 35), and 0.06 ± 0.01 (n = 32)
for wild-type fascin 2b,GFP-S38A,GFP-S38E, andGFP, respec-
tively (TableS3), establishing that phosphorylation diminishes the
steady-state level of hair bundle-localized fascin 2b, a finding
consistent with our previous investigation (Chou et al., 2011).
Second, we assessed whether fascin 2b phosphorylation affects
this protein’s stereociliary exchange rate by FRAP. GFP-fascin
2b and GFP-S38A had similar recovery rates, t1/2 = 76.3 ± 8.6 s
(n = 11) and t1/2 = 75.5 ± 7.8 s (n = 11), respectively (Figures
2A–2C, 2G, and S1F). The fraction of phosphomimetic GFP-
S38E that localized to the hair bundle moved more rapidly,
t1/2 = 4.39 ± 0.37 s (17-fold faster; n = 12) (Figures 2D–2G), than
wild-type protein. Taken together, these findings indicate that
phosphorylation of fascin 2b does not play a significant role in
the fascin 2b exchange mechanism within stereocilia, because
the rate of wild-type fascin 2b recovery is not significantly faster
than GFP-S38A (Figure S3). These data support a mechanism
in which non-phosphorylated fascin 2b localizes to stereocilia,
and only this form of fascin 2b exchanges, without a detectable
phosphointermediate (Figure 2H).
b-Actin Exchange within the Stereocilium’s Paracrystal
Occurs on an Hourly Timescale
To understand the logic of fascin 2b’s rapid exchange, we
characterized F-actin, the substrate of fascin 2b, in zebrafish ster-
eocilia. One purpose of fascin 2b exchange could be to facilitate
globular actin (G-actin) exchange with F-actin, should actin ex-
change occur in stereocilia. To examine F-actin behavior, we
used 7-dpf transgenics, which have b-actin-mCherry localized
to stereocilia (Antonellis et al., 2014), for FRAP and monitored re-
covery for 30 hr (Figure 3). In contrast to previous studies (Zhangorts 13, 1287–1294, November 17, 2015 ª2015 The Authors 1289
Figure 2. Rapid Stereociliary Fascin 2b Exchange Transpires without a Phosphointermediate
(A) Phosphomutant GFP-S38A fascin 2b schematic.
(B) Qualitative FRAP series of a hair bundle containing GFP-S38A fascin 2b before (Pre) and after (Post) photobleaching (yellow bracket).
(C) Recovery plot from a hair bundle containing GFP-S38A fascin 2b from a quantitative FRAP series in Figure S1F, t1/2 = 73.6 s.
(D) Phosphomimetic GFP-S38E fascin 2b schematic.
(E) Bundle containing GFP-S38E fascin 2b before (Pre) and after photobleaching.
(F) Recovery plot of (E) demonstrating exceedingly fast recovery, t1/2 = 4.68 s, of the phosphomimetic relative to wild-type fascin 2b.
(G) Summary of recovery half-times for GFP-fascin 2b, GFP-S38A fascin 2b (S38A), GFP-S38E fascin 2b (S38E), and GFP. Because GFP-S38A fascin 2b has
a similar t1/2 value to that of GFP-fascin 2b, wild-type fascin 2b does not transition through a detectable phosphointermediate in stereocilia. *p < 0.0001 (Student’s
t test) indicates statistical significance. Fish used were 7 dpf. Scale bars are 1 mm.
(H) Model. The fascin 2b-F-actin binding cycle is independent of phosphorylation. In the model, horizontally oriented fascin 2b protein indicates protein bound to
F-actin. Vertically oriented fascin 2b protein is not bound to F-actin. An alternative model is shown in Figure S3B.
See also Figure S3 and Tables S1 and S3.et al., 2012), b-actin-mCherry-containing hair bundles recovered
fluorescence rapidly after bleaching, on an hourly timescale
(Figures 3E and 3F): themean half-time for fluorescence recovery,1290 Cell Reports 13, 1287–1294, November 17, 2015 ª2015 The Aut1/2, was 4.08± 0.92 hr (n = 10) (Figure 4D), and themean percent-
age of total fluorescence recovery over a 30 hr time period was
31% ± 5% (n = 11). The observed recovery was not treadmillingthors
Figure 3. b-Actin Exchanges on an Hourly
Timescale in Live Zebrafish Hair Cells
(A and B) Schematics of a hair bundle (A) and
b-actin-mCherry (B).
(C) Hair bundle (arrowhead) and cuticular plate
(asterisk) labeled with b-actin-mCherry in trans-
genic zebrafish.
(D) Confocal image of three stereocilia (arrow-
heads) from a splayed hair bundle, revealing even
labeling across each stereocilium. Splayed bun-
dles are rare in this transgenic. Limited portions of
each stereocilium are in the plane of focus.
(E) Quantitative fluorescence recovery of a bundle
containing b-actin-mCherry after a midsection
bleach (yellow bracket).
(F) Recovery plot revealing a t1/2 of 4.11 hr for the
hair bundle observed in (E). The data points are fit
to a one-phase exponential equation. Zebrafish
were examined at 7 dpf. Scale bar is 1 mm.
See also Figure S4 and Table S1.en masse, where all F-actin treadmills uniformly (Rzadzinska
et al., 2004). With the preceding finding and the observation of
intermittent gapswithin the F-actin strands of stereocilia (Belyant-
seva et al., 2009), we propose a model that explains the recovery
as one in which the strands of the stereociliary F-actin core in the
shafts are discontinuous—possibly transiently—with free barbed
ends along the length of each stereocilium that exchange with
free G-actin (Figure S4B). A second, but not mutually exclusive,
model that would fit these data and other data (Drummond
et al., 2015; Narayanan et al., 2015; Zhang et al., 2012) is that actin
is being systematically assembled and disassembled at the tips of
stereocilia (Figure S4C). Importantly, the second model cannot
explain all of the recovery of b-actin-mCherry, because the tips
of stereocilia do not contain 31% of the actin.
Stereocilia Tip Protein Myosin XVa Fully Exchanges in
Hours
Because MIMS showed an increased level of protein turnover at
the tips of stereocilia (Zhang et al., 2012), we examined another
protein, myosin XVa, which localizes near the tips (Belyantseva
et al., 2003, 2005). It is unknown whether myosin motors ex-Cell Reports 13, 1287–1294, Nochange at the tips of stereocilia once ster-
eociliary maturation, audition, and equi-
librium are fully realized. Myosin XVa has
intriguing qualities distinct from other
bundle proteins: it accumulates at the
tips of stereocilia in direct proportion to
stereociliary length and governs stereo-
ciliary height (Belyantseva et al., 2005)
(Figure 4A). To test explicitly whether
myosin XVa is static or dynamic at the
tips of mature stereocilia, we generated
transgenic fish expressing GFP-myosin
XVa in hair cells, which mirrored localiza-
tion observed in mammals. The top
halves of bundles that contain b-actin-
mCherry (as a counterlabel) and GFP-
myosin XVa were photobleached (Fig-ure 4B). Fluorescent GFP-myosin XVa repopulated the tips of
stereocilia on an hourly timescale (t1/2 = 11.6 ± 3.6 hr, n = 4) (Fig-
ure 4C), amassing near the tips of the stereocilia to maintain the
direct proportion of stereocilia length-to-myosin concentration.
Thus, myosins are active in mature stereocilia, suggesting that
delivery of associated cargo occurs in stereocilia even after
maturity is achieved (Jia et al., 2009; Zhao et al., 1996). The
rate of GFP-myosin XVa recovery in stereocilia is at least an
order of magnitude slower than in filopodia (10 min for full
recovery) (Belyantseva et al., 2005) (Figure 4D), though the dis-
tance covered for recovery is similar between the two protru-
sions. This suggests that myosin movement rates are regulated
distinctly in different actin-based protrusions.
Fascin 2b Exchange May Enable Cross-Linking at Fast
Timescales of Stereocilia Vibration while
Noninstructively Facilitating theSlower Process of Actin
Exchange
We propose that the fascin 2b exchange rate (t1/2 = 76.3 ± 8.6 s)
may represent a golden mean, balancing two opposing func-
tions: stable cross-linking at fast timescales and fluctuatingvember 17, 2015 ª2015 The Authors 1291
Figure 4. Robust Myosin XVa Exchange at
the Tips of Mature Stereocilia
(A) Schematic of a bundle containing b-actin-
mCherry (red) and GFP-myosin XVa (green).
(B) Image of a bundle containing GFP-myosin XVa
(green), revealing fusion protein at stereociliary tips
(Pre, left and right). The bundle is counterlabeled
with b-actin-mCherry (Pre, left, red) in a doubly
transgenic hair cell. After photobleaching (Post)
the top half of the bundle (only the GFP signal is
shown), the GFP-myosin XVa signal recovers
completely by 24 hr. Scale bar is 1 mm.
(C) Time course of myosin XVa recovery. Each
point represents mean intensity ± SEM (n = 4),
except the 24-hr time point is a single measure-
ment. Zebrafish examined at 7 dpf.
(D) Summary of recovery half-times of fusion pro-
teins in stereocilia and filopodia. The recovery
half-time of myosin XVa in filopodia is estimated
(Belyantseva et al., 2005).
See also Table S1.local cross-linking at slower timescales. On the one hand, dur-
ing deflections of stereocilia, fascin 2b proteins should serve as
stationary cross-links relative to vibration rates. This is because
the fascin 2b exchange rate is much slower than the rate of ster-
eocilia deflections (subsecond timescale) and the intrastereo-
ciliary concentration of fascin 2b is extremely high (Shin et al.,
2013) (Figure S4A). On the other hand, fascin 2b mobility may
enable actin exchange in mature and functional hair cells of
young fish and perhaps other vertebrates. This process may
help maintain the actin cores of stereocilia throughout the life
of the cell and may assist in repairing damaged cores after
acoustic overexposure. Here, we show that G-actin exchanges
with F-actin in stereocilia on an hourly timescale. In this pro-
posed process, fascin 2b cross-linkers may dissociate to
permit local F-actin disassembly and then re-cross-link during1292 Cell Reports 13, 1287–1294, November 17, 2015 ª2015 The Authorsre-polymerization to enable reformation
of the paracrystal (Figures S4B and
S4C). Based on our FRAP data and
biochemical data, which demonstrate
that fascin 2b can bundle actin
into parallel bundles similar to those
found in stereocilia (Lin-Jones and Burn-
side, 2007; Chou et al., 2011), we pro-
pose possible models (Figure S4) in
which most of the fascin 2b actively par-
ticipates in bundling stereociliary actin.
The ratio of the amount of fascin 2b that
bundles stereociliary actin versus the
amount of fascin 2b that is simply bound
to stereociliary actin at any point in time
remains to be determined. In addition,
because fascin 2b exchanges without
bias, this suggests that fascin 2b plays
a non-instructive role in the F-actin
disassembly-re-polymerization process.
How fascin 2bmay collaborate with other
actin-bundling proteins, such as plastin(Daudet and Lebart, 2002) or espin (Zheng et al., 2000), to main-
tain the stereociliary paracrystal warrants study.
Why Measurements of Protein Dynamics in Stereocilia
Vary with Different Technologies
We observed in vivo in real time that individual stereociliary pro-
teins (b-actin, fascin 2b, and myosin XVa) each exchange orders
of magnitude faster than what has been observed previously in
gross protein turnover studies (Zhang et al., 2012). One explana-
tion for the differences between these studies is that Zhang et al.
(2012) noted that 94% of protein was stable in the shafts and
turnover is higher at tips over long periods; therefore, it is plau-
sible that the 6% turnover in the shafts consists of fascin 2b
and/or b-actin (Figures S4B and S4C; evident in Figures 1, 2,
and 3), and the turnover at the tips is constituted partially by
myosin XVa (Figure 4). A possible second reason for the differ-
ences is that zebrafish hair bundles have fundamentally different
protein dynamics than those of frogs andmammals (Zhang et al.,
2012). Together, our findings indicate that the dynamics of spe-
cific cytoskeletal proteins within the hair bundle result primarily
from protein exchange and mobilization rather than protein syn-
thesis and degradation.
EXPERIMENTAL PROCEDURES
Fish
Wild-type T€ubingen, Ppv3b-4, and Tg(Parval3b:b-actin-mCherry) zebrafish
strains were used for this study. Zebrafish experimental protocols were
approved by the Institutional Animal Care and Use Committee at Case
Western Reserve University.
Molecular Biology
To construct a vector for expression of GFP-myosin XVa in zebrafish hair cells,
mouse myosin XVa cDNA was amplified from pEGFP-C2-myo15a with primer
pair Myo15a inf F (50-GGACTCAGATCTCGAGATTCATGCACTCCATACG
CAACCT-30) and Myo15a inf R (50-TAAGGATCCACCCGGGCGTCGACTCA
CAAGAGGGTGATCT-30). The amplicon was subcloned into Xho I and Xma I
digested pMT/PV3b/GFP/WT-fascin2b vector (In-Fusion high-definition clon-
ing kit; Clontech Laboratories) to generate pMT/PV3b/EGFP/Mmumyosin15a.
Transgenesis
Each transgenic strain was generated by co-injection of the desired cDNA
construct (Table S1) and Tol2 RNA into one-cell-stage zebrafish embryos (Bal-
ciunas et al., 2006).
FRAP Acquisition and Analysis
Embryonic or larval-stage zebrafish were anesthetized in 650 mM3-aminoben-
zoic acid ethyl ester methanesulfonate (Sigma-Aldrich) in fish water and then
immobilized on glass-bottom dishes (MatTek) in 0.1% (w/v) low-melting-point
agarose (Promega). The immobilized embryos were then covered with fish wa-
ter containing 3-aminobenzoic acid ethyl ester methanesulfonate to prevent
desiccation and twitching during time-lapse imaging.
FRAP experiments were conducted using laser scanning confocal micro-
scopes (True Confocal Scanner SP2, SP5, or SP8; Leica Microsystems) with
403 or 633/1.4 numerical aperture oil-immersion objectives. For FRAP, a rect-
angular region with a width of approximately 215 nm, half of the hair bundle, or
the whole hair bundle was photobleached for 1.1–1.6 s using 100%of the laser
power from a 488 nm laser. In the section of the targeted bundle, even bleach-
ingwas confirmed bymeasuring the pixel intensity in the targeted region (Leica
Application Suite Advanced Fluorescence [LAS AF] software; Leica Microsys-
tems). Images were collected using 488 or 568 nm wavelengths. In some
cases, the dynamic ranges of pixel intensities were modified for displaying
samples with lower fluorescence signals; these modifications were not per-
formed on images used for FRAP measurements. No saturated images were
used in FRAP studies. For quantitative FRAP, single images were acquired
(Snapp et al., 2003). For qualitative FRAP, multiple confocal images were aver-
aged to decrease background fluorescence (Snapp et al., 2003).
For FRAP analyses, images were acquired and analyzed using imaging soft-
ware (LAS AF; LeicaMicrosystems). To quantify the fluorescence recovery, the
mean pixel value intensity of the bleached zone (region of interest [ROI] 1), a
non-bleached hair bundle (ROI 2) as a control, and a region that did not
have high levels of fluorescence (ROI 3) for the background measurements
at each time point were obtained automatically for short-interval imaging
(seconds) or manually for hourly imaging. The intensity of ROI 1 was corrected
by subtracting the averaged intensity of ROI 3 and then adjusted for fluores-
cence loss because of photobleaching using ROI 2 in the same FRAP
image series. The following processing regime was used for interpreting
the experimental FRAP data (Lippincott-Schwartz et al., 1999). Briefly,
intensity in ROI 1 at each time point (I(t)) was subtracted by the corre-
sponding ROI 3 intensity (Ibackground), Ib(t) = I(t) Ibackground. The corrected inten-Cell Repsity of ROI 1 at each time point (Ib(t)) was multiplied by a correction dataset
(Iprecell/Iinfcell) for photobleaching, Ib,corr(t) = Ib(t)(Iprecell/Iinfcell), where Iprecell rep-
resents the prebleached intensity of ROI 2 and Iinfcell stands for post-bleached
ROI 2 at the equilibrium time point—when the intensity of ROI 1 reached the
plateau value. The equation Ib,corr,normAxelrod(t) = (Ib,corr(t)  Ib,corr(0))/(Ib,corr(inf)
 Ib,corr(0)) was used for normalization to rescale so that the plateau value is
set to 100%, where Ib,corr(t) is the intensity of ROI 1 at a given time point,
Ib,corr(0) is the intensity of ROI 1 immediately after the photobleaching time
point, and Ib,corr(inf) is the intensity at equilibrium (Axelrod et al., 1976). The re-
covery half-times were determined from a normalized plot. To determine re-
covery half-times, the data points were fit to a one-phase exponential equation
(GraphPad Prism), Y = Y0 + (plateau  Y0)(1 exp(Kx)), where Y0 is the Y
value when x (time) is zero, plateau is the Y value at infinity, and K is the rate
constant. Recovery half-times (t1/2) were calculated as ln(2)/K.
The percentage of total fluorescence recovery of b-actin-mCherry-contain-
ing hair bundles and GFP-fascin 2b-containing hair bundles was calculated
using the equation 100(Ib,corr(inf)  Ib,corr(0))/(Ib,corr(pre)  Ib,corr(0)) (Feder
et al., 1996; Snapp et al., 2003). Statistical analyses included Student’s t tests
(GraphPad, Prism). Recovery half-times are given as mean ± SEM.
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